The paper describes a simulation study that provides a comprehensive comparison between full-active and semi-active suspensions for improving the vertical ride quality on railway vehicles. It includes an assessment of the ride quality benefits that can theoretically be achieved with idealised devices, and also examines the impact of real devices based upon hydraulic actuation technology.
INTRODUCTION
In the last two decades, much research has been completed in order to improve ride quality on railway vehicles. An overall summary of the possibilities of using active suspensions for railway vehicles is included in [1] , and it is generally accepted that such concepts applied to the secondary suspension system offer significant improvements in ride quality, including the effects of different actuator technologies -see for example [2, 3] . Tilting trains, which are an example of active suspension technology, represent what is nowadays a standard railway technology which is offered and supplied by all major rail vehicle manufacturers in high-speed trains and for regional applications [1] . However a broader use of active secondary suspensions has been very limited. This is largely because a higher level of passenger comfort is not strongly cost beneficial, and since semi-active devices are cheaper and simpler a number of workers have investigated the use of these both theoretically and via experiment (see for example [4, 5] ).
Full-active and semi-active approaches have a significant difference. A full-active approach includes a fully-controllable force actuator that includes a power supply, whereas the 3 semi-active concept utilises a suspension component with a controllable characteristic. The energy flow of a semi-active suspension is controlled but not augmented, and furthermore the energy flow's direction is limited to one direction. More precisely, it is only possible to dissipate energy but not inject it (although with an accumulator it is possible to partly utilize the energy stored [6] ), and this behaviour results in a fundamentally nonlinear concept which offers less improvement compared with full-active. In principle any passive component whose characteristics can be changed electrically would comprise a semi-active device, but in practice a semi-active actuator is usually a conventional damper with the ability of variable damping by using electro hydraulic or electro-rheological fluid devices. On the other side, full-active actuators mostly use electro-hydraulic, pneumatic or electro-mechanical technology. Electroand magneto-rheological fluids have also been studied for semi-active devices, but at present these are not appropriate for the actuation required for full-active suspensions.
The papers referenced above [1] [2] [3] [4] [5] are examples of many studies of both full-active and semi-active suspensions for improving the ride quality on railway vehicles, but none has properly compared their relative performance using a consistent set of criteria. It has also not been possible to define what can theoretically be achieved with idealised devices compared with real active and semi-active hydraulic actuation. This paper provides a consistent comparative assessment for a vertical suspension system based upon a "side-view" suspension model for a four-axle vehicle focussed upon the comparisons as indicated by Fig 1. The passive v. semi-active v. full-active comparison identifies the conceptual benefits of active control, and provides an aspirational basis for possible developments in actuator technology for 
MODELLING AND ASSESSMENT
This section describes the simulation models for the vehicle suspension and the full-and semi-active devices used in the study, and also explains the requirements and approach used for assessment.
Sideview vehicle model
The simulation studies are undertaken using a passive side-view model that includes four axles, two bogies and primary and secondary vertical suspensions shown by Fig. 2 . Typical parameters for a modern high-speed train with an airspring suspension are used [7] (notation, equations and values are listed in the Appendix). Note that, for both the full-and semi-active solutions, the surge reservoir and orifice damping represented by k SecD and c Sec are omitted since damping is then provided through active control. The corresponding equations are not included here because they have been adequately described by many papers.
Fig 2 Side view model of railway vehicle

Full and semi-active device models
The actuators are fitted in parallel with the secondary suspension as indicated in Fig 2, and their modelling requires different approaches for each of the four options. The ideal full-active actuator is simply a perfect force actuator that generates the commanded force irrespective of the movements across it and with no time delay. It can produce bi-directional force when the actuator is moving in both directions, i.e. it can operate in all four quadrants of the force-velocity graph, although a real actuator will of course be subject to dynamic constraints relating to how quickly it can transition from one quadrant to another.
However even the ideal semi-active damper is a non-linear device with a force/velocity coefficient that can be varied instantly up to a maximum defined value -more discussion of this is given below. However this is not true for the semi-active device, and Figure 3 
Performance assessment approach
The secondary suspension of a railway vehicle has to cope with deterministic and stochastic disturbances. The former are caused by guiding the vehicle along the intended track variations, such as gradients or curves. The latter occur due to track irregularities. The design aim is to limit the maximum suspension deflection for the deterministic input, while isolating the stochastic component and achieving the best possible ride quality. It should be emphasised that the maximum suspension deflection is often not considered for a normal passive suspension, but this does become an important constraint with the active suspension control strategies, which are most appropriately based upon absolute or "skyhook" damping [9] .
Track irregularities
Although it is possible to use real measured track irregularities to give predictions for a real section of track, for a research assessment a generalised simplified power spectrum to represent track irregularities can be used [9] which provides a good representation of the irregularities in the range 0.1-10Hz, although it over-emphasises their size at higher frequencies. 
The roughness factor was taken as 1x10 -7 m and the velocity as 55 m/s, i.e. to represent typical conditions for a 200 km/h train. Appropriate speed-dependent time delays are used to provide the inputs to the other three axles of the vehicle.
Ride quality has been assessed using RMS acceleration values. It would be possible to use frequency weighting to allow for human susceptibility to vibration, for example as specified by ISO 2631, but in fact unweighted accelerations are used in this study.
Deterministic input
A gradient of 2% was assumed as the deterministic input, which included a transition section having a superimposed vertical acceleration of 0.3m/s 2 .
Obviously these values will vary between different administrations and routes, but represent a typical worst case for which the suspension control might have to be designed.
DEFINITION OF CONTROL STRATEGIES
There are two distinct issues to be described: firstly the basic suspension control strategy which generates active force commands that are appropriate to provide ride quality improvements;
secondly, when the actuator is non-ideal, the inner loop that achieves force control of the actuator ( Figure 5 ). These two issues are explained in the following sub-sections.
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Suspension control strategies
Although there is a wide variety of active secondary suspension control possibilities that have been described, in one way or another they normally employ the concept of "skyhook" damping, or absolute velocity damping (which is a more scientific description). Both the fulland semi-active controllers used for this analysis are based upon skyhook damping, although each has important variations, and Figures 7-10 describe the progressive development of the basic skyhook strategy to accommodate the different practicalities.
Full-active control
A practical skyhook control strategy involves modifying the basic skyhook concept in two important ways:
i. Pure absolute velocity damping creates large suspension deflections on track gradients (or curves for an active lateral suspension), and it is necessary to include a high-pass filter to remove the inputs associated with such features [9] . This filter diminishes the improvements that are possible, but is essential to meet the maximum deflection constraint. Normally the absolute velocity measurement is derived by integrating the signal from an accelerometer, and in order to avoid integrator drift it is practical to combine with the high-pass filter (Figure 7 ), in other words the high-pass effect serves two purposes. Cut-off frequency of 0.16 Hz (1 rad/s) has been used, the same as in [9] .
ii. Applying the damping in modal sense (bounce and pitch for a vertical suspension) is beneficial for ride quality, as shown in Figure 8 . This is because it is possible to use a higher skyhook damping coefficient in the pitch mode than the bounce mode, a consequence of the deterministic input into the pitch mode being much smaller. 
Semi-active control
The same suspension control strategy can be used but it's necessary to convert the force command into a control signal for the semi-active device, essentially a damper setting, and Figure 9 illustrates the way that this can be done, also taking into account the maximum and minimum damping rate limits available for the device. Due to the division by actuator velocity, the demanded damping rate may clearly become very large, but the controller prevents this by means of the maximum limit (although the program code would need to have overflow and divide by zero protection). 
Real actuator control
Actuator for full-active suspension Table 1 shows the overall performance comparison derived from the time domain simulation, both in absolute RMS acceleration and percentage change (negative is an improvement in ride quality), with the ride quality of the passive suspension as a reference. It can be seen both that full-active always out-performs the semi-active approach, and also that adding "real" actuator technology inevitably provides some degradation. The percentage figures highlighted in grey indicate the size of this degradation, real v. ideal.
Time domain results
The table emphasises the crucial benefit when using active control. It shows that the improvement at the front and rear of the vehicle is significantly higher than in the middle, with the rear of the vehicle benefitting from the highest improvement (although in terms of absolute values the rear starts off as the worst). Since the full-active suspension system is entirely linear the RMS values can also be derived analytically based upon frequency response analysis and using a calculation of the transfer function from disturbances to acceleration with the inner force and outer skyhook loops closed.
The RMS values are given by
where the transfer function ( ) Table 2 gives these analytical results for the full-active system, which shows an excellent match with the corresponding results in Table 1 . As already mentioned the semi-active skyhook control law is highly non-linear and so the same analysis cannot be applied to the semi-active suspension. 
PSD Analysis
Power spectral density information has also been investigated (partly in the process of optimising the control schemes). Of course this reflects what has been seen in previous active 16 suspension studies, but it is useful to include some results in order to show where the various benefits are achieved in terms of different frequencies. In all cases the comparisons are based upon acceleration PSDs over the rear suspension of the vehicle. Figure 12 shows the passive vehicle response in comparison with ideal full-active and ideal semi-active, which shows the profound improvements that are possible with both types of active suspension. Figure 13 omits the passive response and gives a clearer view of the additional improvements achievable with full-active: the semi-active solution gives slightly reduced acceleration levels at low frequencies below about 0.6Hz, whereas the full-active is superior for higher frequencies. Table 1 , whereas Figure 15 shows a larger change for the real full-active, Table 1 indicating a 17.9% degradation. Note that from 1-3 Hz the real actuator is slightly better, but the degradation arises from the higher accelerations which can just be seen beyond 5Hz, but the true impact is obscured by the restricted logarithmic frequency axis: Figure 16 has a linear axis extending from 10Hz to 30Hz and shows that the degradation occurs at higher frequencies, Table 1 is the principal outcome of the research study and effectively answers the research question regarding the relative performance of the control options. It is also useful to present 20 the percentage improvements in the context of the overall problem as set out in Figure 1 , and Figure 18 indicates the performance benefits based upon the average improvement (front, centre and rear).
Overall summary
Figure 18 Overall performance summary
The average improvement (percentage reduction in RMS acceleration) across the vehicle is 50.2% for full-active compared with 34% for semi-active, and the effect of actuator technology is to change these to 42% and 30.8% for full-and semi-active respectively.
CONCLUSIONS
The study provides a rigorous assessment of the relative benefits of full-active versus semi-active suspension approaches for the vertical suspension of a railway vehicle. It is clear that full-active provides more improvements in ride quality, but semi-active can certainly provide improvements throughout the vehicle. The results provide a basis for understanding the trade-off between the additional ride quality benefits of the full-active approach set against the greater complexity.
Further work should consider other actuator technologies, in particular electro-mechanical, although the characteristics make this less practical as a semi-active solution. It is also necessary to repeat the assessment for the lateral secondary suspension so that a full picture of 21 the relative benefits of full-and semi-active suspensions can be completed.
APPENDIX -Modelling details
Suspension equations
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